Abstract In the field of nuclear medicine, multiagent imaging can disclose enhanced expression of specific target molecules of neoplastic cells. This molecular information can be combined with the information provided by anatomical imaging. Over the past 20 years the use of radiolabeled somatostatin analogs as high-affinity tracers binding specifically to somatostatin receptors has allowed successful molecular imaging of neuroendocrine neoplasms (NENs), initially with single-photon-emitting radiopharmaceuticals, and subsequently also with positron-emitting radiopharmaceuticals. In this context, whole-body somatostatin receptor scintigraphy has changed the diagnostic and therapeutic approach to patients with NENs; moreover, somatostatin analog positron emission tomography (PET) tracers that allow higher spatial resolution imaging have recently been introduced. Nevertheless, several NENs can also be successfully imaged with radioagents that target the catecholamine pathway. Although radioiodinated meta-iodobenzylguanidine (MIBG) is traditionally the first option for radionuclide imaging and treatment of these NENs, the use of PET with 18 F-L-dihydroxyphenylalanine is being increasingly reported, this approach showing several advantages over conventional imaging. Moreover, changes in tumor biology can be characterized by modifications in receptor or transporter expression on the cell membrane, and evidence has recently emerged that NENs expressing glucose transporters are more aggressive than tumors with low expression of glucose transporters. Therefore, [
Introduction
Neuroendocrine neoplasms (NENs) constitute a heterogeneous group of rare tumors that, arising from cells of the neuroendocrine system, are distributed almost ubiquitously in the body. The term ''neuroendocrine'' is related to the ability of these cells to produce and store amines and peptide hormones produced by both the endocrine system and the central nervous system: gastrin, insulin, serotonin, somatostatin, glucagon, pancreatic polypeptide, vasoactive intestinal peptide (VIP), catecholamines, ACTH, GH, prolactin, FSH, LH, TSH, and PTH. Although NENs differ in their biology and clinical presentation, they share the capability to produce certain biological compounds, such as chromogranins and synaptophysin, which are considered markers of neuroendocrine cells. According to recent guidelines, the immunohistochemical determination of synaptophysin and chromogranin A in the tumor cells is mandatory for a diagnosis of NEN [1] .
NENs frequently express a high density of somatostatin receptors (SSTRs) on cell membranes. Somatostatin, a small cyclic peptide which circulates in the blood in two biologically active forms (somatostatin-14 and somatostatin-28), plays an important role in modulating neurotransmission and secretion, and in controlling proliferation of both normal and tumor cells. Six SSTR subtypes have been identified by molecular analysis (sstr1, sstr2a, sstr2b, sstr3, sstr4, and sstr5), each of which exerts its action by inhibiting adenylyl cyclase activity. Different NENs, as well as different tumor lesions (such as primary site lesions and distant metastases) in the same patient, can express various proportions of these subtypes. The predominant expression of sstr2 on the neuroendocrine cells of the pancreas (a cells), gastrointestinal tract and adrenals is the basis for the successful clinical application of somatostatin analogs in molecular imaging and in therapy [2] . Instead, sstr1 receptors are more frequently expressed by pancreatic b cells, whereas sstr3 and sstr4 are less commonly expressed, and the sstr5 subtype is more frequently related to specific tumors, such as breast cancer.
According to a ''surgical'' criterion, NENs can be divided into those arising in neuroendocrine organs [such as pancreatic endocrine tumors, pheochromocytomas (PHEOs), paragangliomas (PGLs) and medullary thyroid cancer], those arising from dispersed neuroendocrine cells [such as pulmonary or gastroenteropancreatic (GEP) NENs], and finally those arising from non-neuroendocrine organs, such as thymic or cutaneous NENs.
Although most NENs are sporadic, they can also be part of multiple endocrine neoplasia type 1 and 2 (MEN1 and MEN2). Hereditary GEP or pulmonary NENs and pituitary adenomas occur in MEN1. Germline mutations in at least five genes have been recognized to be responsible for familial PHEOs: the von Hippel-Lindau gene (VHL) causing von Hippel-Lindau syndrome, the RET gene, which is associated with MEN2, the neurofibromatosis type 1 gene (NF1) which is associated with von Recklinghausen's disease, and the genes encoding the B and D subunits of mitochondrial succinate dehydrogenase (SDHB and SDHD), which are responsible for familial PGLs and PHEOs.
Since the cell proliferation rate has been shown to provide significant prognostic information, the 2010 World Health Organization (WHO) guidelines have proposed a new classification of GEP NENs based on histopathology and parameters of proliferative activity (Ki67 index and mitotic count). Thus, GEP NENs include two well-differentiated NENs, namely the so-called neuroendocrine tumor G1 (typical carcinoid), the neuroendocrine tumor G2, and a poorly differentiated NEN known as neuroendocrine carcinoma G3 (large-cell or small-cell type). Mixed adenoneuroendocrine carcinoma (a phenotype that is recognizable as both adenocarcinoma and neuroendocrine carcinoma), hyperplastic and preneoplastic lesions are also included in the classification. Although GEP NENs may present with a clinical syndrome related to hormone hypersecretion, symptoms are frequently vague and unrecognized, with the result that the diagnosis is often not made until the metastatic disease stage, when radical treatment with curative intent is no longer possible. In non-functioning NENs, hormonerelated manifestations are absent, and clinical symptoms, related to the mass effect, usually occur quite late in the course of the disease.
Gastric NENs classified as type 1 (following atrophic gastritis) or type 2 (in the Zollinger-Ellison syndrome) are associated with hypergastrinemia. Type 3 gastric carcinoids are not associated with hypergastrinemia and are single large lesions, usually with distant metastases. Duodenal NENs frequently secrete gastrin and cause ZollingerEllison syndrome, as part of MEN1. Intestinal and appendicular NENs derive from enterochromaffin cells and are frequently non-functioning. On the contrary, metastatic intestinal or appendicular carcinoids are functioning and may present with the carcinoid syndrome, typical or atypical (i.e., cutaneous flushing, diarrhea and abdominal pain), due to the overproduction and release into the systemic circulation of bioactive amines, mostly serotonin and histamine. Colonic carcinoids are frequently large, nonfunctioning and confer poor prognosis, while rectal carcinoids are small and rarely metastasize. Functioning pancreatic islet-cell tumors may produce insulin, gastrin, VIP, glucagon, somatostatin, etc. Insulinomas are often small, benign lesions causing hypoglycemia. Pancreatic gastrinomas are generally malignant and cause Zollinger-Ellison syndrome (which in 25 % of cases is associated with MEN1). Glucagonomas cause diabetes and a characteristic rash (necrolytic migratory erythema). VIPomas may produce severe watery diarrhea, hypokalemia and achlorhydria (WDHA, or Whipple syndrome). More rarely NENs may secrete ACTH, GHRH, PTH-RP, and even somatostatin [3] .
Pulmonary NENs include typical and atypical carcinoids (G1 and G2 neuroendocrine carcinoma), large-cell neuroendocrine carcinoma (LCNEC, or G3 large-cell neuroendocrine carcinoma) and small-cell lung carcinoma (SCLC, or G3 small-cell neuroendocrine carcinoma). Typical carcinoids have a relatively benign, indolent biological course and characteristically present as a centrally located lesion, with signs and symptoms of bronchial obstruction. The carcinoid syndrome occurs after development of liver metastases, which shed active amines into the systemic circulation. Other syndromes related to hormonal overproduction include the Cushing syndrome (ACTH) and acromegaly (GHRH and more rarely GH) [4, 5] . Atypical carcinoids are frequently peripherally located, are functioning, and display a biologically aggressive behavior, spreading through both the lymphatic and the hematogenous routes. LCNEC is an aggressive and rare form, usually extensively metastatic at diagnosis. Finally, SCLC is a frequent and aggressive tumor, with early metastases typically to the brain or bone; although this form is extremely chemosensitive, it also easily relapses and therefore has a poor prognosis. Paraneoplastic syndromes often occur, particularly Cushing syndrome and the syndrome of inappropriate antidiuretic hormone secretion (SIADH) [6] [7] [8] .
PGLs are rare tumors that arise from parasympathetic and sympathetic paraganglia. The latter can develop in the Zuckerkandl body, the sympathetic plexus of the urinary bladder, the kidneys, the heart and the sympathetic ganglia located in the mediastinum. PGLs arising from adrenal medullary chromaffin cells are also defined as PHEOs. Parasympathetic PGLs are often located in the head and neck region and they do not usually secrete catecholamines [9, 10] . On the contrary, almost all sympathetic PGLs secrete catecholamines and give rise to symptoms resembling those of PHEOs. The most frequent manifestations related to catecholamine hypersecretion are hypertension, tachycardia, headache, pallor and feelings of panic or anxiety. Hyperglycemia, lactic acidosis, weight loss, nausea, fever and flushing may also occur. Arterial blood pressure may be normal in tumors detected incidentally (when the tumor load is limited), or when dopamine rather than catecholamine is preferentially secreted. In rare cases patients may even present lower-than-normal arterial pressure levels (in the presence of prevalent epinephrine secretion) [10] .
Principles of nuclear medicine imaging
Several diagnostic techniques can be used for localizing and assessing the extent of NENs, including X-ray computed tomography (CT), CT enterography (CTE), magnetic resonance imaging (MRI), magnetic resonance enterography (MRE), ultrasonography (US), contrast-enhanced US (CEUS), endoscopic US (EUS), intraoperative US (IOUS), selective angiography with hormonal sampling, and nuclear medicine imaging. While morphological imaging techniques (such as US, CT, and MRI) can be useful for localizing the primary tumor (particularly if non-functioning), radionuclide imaging helps in staging the disease (both locoregionally and at distant sites), thus providing important information for therapy decision-making. Nevertheless, no single imaging technique represents the gold standard, and specific sequences of exams are needed for each tumor type. It should also be emphasized that in up to 50 % of NENs the primary site remains unknown.
Nuclear medicine imaging can disclose enhanced expression of specific targets and/or functions of NENs that are characterized by, e.g., abundant cell membrane-bound SSTRs and/or the presence of neuroamine uptake mechanisms. Moreover, since high glucose metabolism of tumors is directly related to cell proliferation (depending on the expression of glucose transporters, GLUT) [11] , increased uptake of [ 18 F]FDG by NEN cells is typically related to cell dedifferentiation and high malignancy. On the other hand, as seen with other tumors, [ 18 F]FDG positron emission tomography (PET) does not invariably provide useful information in those NENs that are relatively slow growing (and therefore biologically less aggressive) [12] .
Somatostatin receptor imaging
Imaging of NENs involves the use of radiolabeled analogs of somatostatin, In fact, since native somatostatin has a very short biological half-life in plasma, all radiopharmaceuticals utilized for SSTR imaging are based on octreotide, or on similarly long-acting analogs of the human hormone. Moreover, octreotide has the highest affinity for sstr2a-b (K d 0.1-1 nM); its affinity for sstr3 and sstr5 is within the 10-100 nM range, whereas it shows very low affinity for sstr1 and sstr4. This analog is therefore particularly suitable for imaging NENs, since sstr2 is the subtype most frequently expressed in these tumors. SSTR density is markedly elevated in malignant tissues, from 80 to 2,000 fmol/mg protein, whereas the expression of SSTRs within normal neuroendocrine tissues is relatively low. SSTRs are especially overexpressed in certain GEP NENs [13] . 123 I-[Tyr 3 ]-octreotide was the first radiopharmaceutical used for imaging NENs. However, its relatively short effective half-life and the high background of activity within the abdomen due to release of radioiodide during its metabolic degradation have limited its clinical application. 111 In-[DTPA-D-Phe]-octreotide, or 111 In-pentetreotide, was subsequently developed; the presence of the radiometal 111 In and of the chelating agent DTPA results in greater stability in vivo than is obtained when labeling with radioiodide, while the longer physical half-life of 111 In versus 123 I allows delayed image acquisition. This radiopharmaceutical (marketed as OctreoScan Ò , a registered trademark of Mallinckrodt Inc.) binds with high affinity to sstr2, while it shows moderate affinity for sstr3 and sstr5.
Somatostatin receptor imaging in GEP NENs
Somatostatin receptor scintigraphy (SRS) with 111 Inpentreteotide is, in general, quite accurate for the detection and staging of GEP NENs, with the exception of the low sensitivity (50-60 %) reported for insulinomas, which are characterized by low expression of sstr2 [14] . The main advantage of SRS is its ability to explore the whole body and to provide important indications for therapy with somatostatin analogs.
At initial diagnosis, it is of paramount importance to integrate the SRS findings with those provided by radiological imaging [15] . Moreover, the use of hybrid SPECT/ CT equipment can provide the surgeon with detailed functional and topographic information for tissue sampling and for assessment of resectability [16] (Fig. 1) .
By enabling accurate staging of NENs, scintigraphy with 111 In-pentreteotide can lead to modification of the therapeutic strategy in up to 53 % of cases. In particular, because of its high sensitivity (61-96 %), SRS is the most accurate imaging modality for the ''one-shot'' detection of liver and extrahepatic metastases in patients with GEP NENs and may prevent surgery with curative intent in those patients whose tumors have already metastasized [17, 18] . This consideration also applies to patients with insulinomas, as it is known that metastatic insulinoma lesions are more likely than the primary tumor to express abundant SSTRs [19, 20] . However, the small size of liver metastases significantly affects the sensitivity of scintigraphy with 111 In-pentreteotide [19] [20] [21] . SRS with 111 In-pentreteotide is also used to select patients potentially responsive to treatment with unlabeled octapeptide somatostatin analogs, as well as with tumortargeted radiolabeled somatostatin analogs (the so-called peptide radio-receptor therapy, or PRRT). In fact, intense uptake of 111 In-pentreteotide in tumor lesions is associated with a higher probability of response to PRRT [19, [21] [22] [23] [24] .
It is still debated whether the sensitivity of SSTR imaging is reduced in patients concurrently receiving therapeutic doses of unlabeled octreotide acetate, and the possibility of temporarily suspending this therapy before radiotracer administration should be considered [11, 25] .
Like US, CT and MRI, SRS with 111 In-pentreteotide is also employed during follow-up to monitor the efficacy of treatment. Changes in functional volumes after treatment, assessed by scintigraphy, have been reported to be more useful than the Response Evaluation Criteria in Solid Tumors (RECIST), and to correlate well with the long-term clinical response [26] .
Recently, somatostatin analog PET tracers have been proposed, opening up the possibility of performing SSTR PET, which is characterized by higher spatial resolution, higher signal-to-noise ratios, and easier image quantification than SSTR SPECT [27, 28] .
The 68 Ga-labeled peptides most commonly used in clinical practice are the DOTA-octapeptides. Among the many different DOTA-octapeptides available worldwide, the most commonly employed are 1,4,7,10-tetraazacyclododecane,1,4,7,10-tetraacetic acid Tyr 3 octreotide (DOTA-TOC), 1,4,7,10-tetraazacyclododecane,1,4,7,10-tetraacetic acid Thr 8 octreotide (DOTA-TATE) and 1,4,7,10-tetraazacyclododecane,1,4,7,10-tetraacetic acid 1-Nal 3 octreotide (DOTA-NOC). Their affinity profiles for SSTRs are well known: -TOC and -TATE show high binding affinity for sstr2, while -NOC recognizes with high-affinity three SSTR subtypes (sstr2, sstr3 and sstr5) [29] . Few studies that have compared different 68 Ga-DOTA-octapeptides in the same patients have revealed either comparable diagnostic accuracy [30] [31] [32] or better sensitivity for DOTA-NOC versus DOTA-TATE in patients with GEP NENs [33] . Nowadays, DOTA-octapeptides can be used for clinical trials only, and are not commercially available either in the European Union or in the United States.
Since the detection of distant metastasis has a major impact on the choice of treatment, early diagnosis of In-pentreteotide scintigraphy. SPECT/CT images show pathological uptake of the radiopharmaceutical within a primary pancreatic NEN, multiple secondary hepatic lesions and a celiac lymphoadenopathy (color figure online) metastatic spread is crucial. In this regard, it has recently been demonstrated that 68 Ga-DOTA-TOC PET is more accurate for detecting bone metastasis (with 97 % sensitivity and 92 % specificity) than CT and conventional bone scintigraphy [34] . A particular indication for 68 Ga-peptide PET/CT is for detecting unknown primary NENs (the technique has shown a 59 % detection rate versus 39 % for 111 In-pentreteotide, with a subsequent change in patients' management in about 10 % of cases) [35] .
Somatostatin receptor imaging in pulmonary NENs SRS using 111 In-pentetreotide is used mainly in the differentiation of bronchial masses. In fact, 111 In-pentetreotide scintigraphy has been shown to be a valuable diagnostic tool for detecting most bronchial carcinoids, including cases associated with ectopic GHRH secretion [36, 37] . In fact, most thoracic NENs exhibit SSTRs, especially sstr2 and sstr5. However, due to the low spatial resolution of the images, SRS has shown a low sensitivity in small tumors. SRS is also helpful in radioguided surgery, making it possible to scan the bed of the tumor after resection and to re-excise an area of increased radioactivity uptake found to correspond to the presence of residual tumor [38] . 68 Ga-DOTATOC (-NOC or -TATE) PET/CT has recently been shown to be able to detect lung NENs and to allow better evaluation of the extent of the disease [39] . However, in lung imaging, both SPECT and PET may suffer from respiratory excursions of the thorax; therefore, they show the highest sensitivity for mediastinal lymph node involvement and distant metastases.
Somatostatin receptor imaging in PHEOs/PGLs
Several studies have evaluated the diagnostic accuracy of SRS with 111 In-pentreteotide in the evaluation of PHEO and PGL patients. In this regard, it is generally accepted that SRS is able to play a role only in the limited proportion of PHEOs that do not significantly concentrate meta-iodobenzylguanidine (MIBG). SRS is more frequently negative in benign adrenal lesions, because they do not express abundant SSTRs. SRS, therefore, continues to play its main role in the identification of extra-adrenal PGLs or of malignant forms and of their locoregional and distant metastases.
On the other hand, SRS appears to be particularly useful as a functional imaging modality in patients with rapidly progressing and growing PHEOs; in these cases, changes in genetic and cellular characteristics occur, leading to increased expression of SSTRs. Although lymph node, bone, liver and lung metastases can show MIBG uptake, it has been reported that 111 In-pentetreotide scintigraphy can identify malignant lesions with a higher degree of accuracy [40] . Furthermore, SRS should be the first choice when a mass is suspected to be PGL on clinical or imaging grounds-this applies particularly to head and neck PGLs-, even though the sensitivity of SRS was recently reported to be less than that of 18 F-L-dihydroxyphenylalanine ( 18 F-DOPA) [41] . However, both 68 Ga-DOTA-TOC PET/CT and 18 F-DOPA PET/CT appear to offer the highest detection rates in non-metastatic extra-adrenal PGLs [42] .
Neuroamine uptake imaging
Another characteristic biological feature of certain NENs is their ability to take up amino acids and transform them into biogenic amines through the decarboxylation pathway. Due to this peculiar metabolic pattern, these NENs have, in the past, also been named APUD tumors (the acronym for ''Amine Precursor Uptake and Decarboxylation''). NEN cells can thus synthesize catecholamines through an enzymatic pathway, which begins with conversion of the amino acid tyrosine into L-DOPA. L-DOPA is subsequently decarboxylated to dopamine, oxidated to norepinephrine, and methylated to yield epinephrine. These catecholamines are finally transported to and stored in the synaptic vesicles by means of the vesicular transporters for catecholamines (VMAT 1 and VMAT 2). After their release into the synaptic space, re-uptake occurs by norepinephrine transporters located in the presynaptic membrane. Thus, several NENs can be imaged with tracers that target the catecholamine pathway, such as [ 11 Neuroamine uptake imaging in PGLs MIBG scintigraphy is frequently used to confirm (with 90 % sensitivity and 95 % specificity) that the detected adrenal mass is indeed a PHEO, while the combined sensitivity of catecholamine measurements and MIBG scintigraphy approaches 100 % [47] . However, in patients without a familial syndrome and with a single unilateral mass and a clear clinical diagnosis, MIBG scintigraphy does not appear to add any information over CT or MRI [48] . Nevertheless, whole-body MIBG scans are particularly helpful in the preoperative identification of multiple primary lesions (Fig. 2) and of metastases from malignant tumors. Functional studies, such as MIBG scintigraphy, are also able to detect small recurrences because the radiotracer accumulates specifically within the tumor and is not affected by postsurgical or postradiotherapy changes.
Several factors can decrease the sensitivity of MIBG scintigraphy. First, some drugs can interfere with the specific MIBG uptake mechanism, thus possibly causing falsenegative results; these include both cardiovascular and sympathomimetic drugs (such as anti-arrhythmics for ventricular arrhythmias, combined alpha and beta blockers, adrenergic neuron blockers, alpha blockers, calcium channel blockers, inotropic sympathomimetics, vasoconstrictor sympathomimetics, beta2 stimulants and systemic and local nasal decongestants, and sympathomimetics for glaucoma) and neurological drugs (such as antipsychotics, sedating antihistamines, opioid analgesics, tricyclic antidepressants, tricyclic-related anti-depressants, and CNS stimulants). Therefore, it is necessary to consider discontinuing, when possible, the administration of these drugs prior to MIBG administration [49] .
Suboptimal sensitivity can be due to small size of lesions and/or to their location. In particular, sensitivity can be reduced in the case of extra-adrenal lesions close to sites of physiological uptake/excretion [50] . On the other hand, foci of physiological accumulation of MIBG within the urinary tract or bowel can also be a source of false-positive results. MIBG SPECT evaluated side-by-side with contrast-enhanced CT or MRI and hybrid imaging with SPECT/CT allow more accurate anatomical localization of areas of MIBG uptake, and thus contribute to the interpretation of equivocal findings and the reduction of falsenegative and/or false-positive results [51] . Relatively low sensitivity has also been reported in familial syndromes and malignant NENs, suggesting that there is low expression of catecholamine transporters or low affinity of MIBG for these transporters in the familial forms and in poorly differentiated malignant tumors [52] .
The sensitivity of MIBG scintigraphy seems to be particularly low for PGLs (17-42 %) especially those located in the head and neck region. While PGLs of the abdomen and thorax can be hormonally functioning, head and neck PGLs are rarely hormonally active, and therefore do not produce excess catecholamines [53-55].
In those circumstances in which the results of MIBG scintigraphy could be affected by low sensitivity (because of lesion site and size, extra-adrenal locations, familial and malignant PHEOs), other radiopharmaceuticals should be considered [55] .
The use of PET with 18 F-DOPA or 18 F-DA is being increasingly reported [56-58], the technique being found to show several advantages over MIBG scintigraphy, in particular higher spatial resolution and low background activity both of which allow the detection of smaller adrenal and extra-adrenal lesions (Fig. 3) . Nowadays, 18 F-DOPA is commercially available in the European Union, but not in the United States. PET can be performed shortly after the administration of 18 F-DOPA or of 18 F-DA, as opposed to waiting at least 24 h, as is necessary for MIBG scintigraphy. In addition, thyroid blocking and discontinuation of medications are not necessary for 18 F-DOPA PET. Moreover, PET is associated with a lower radiation dose to patients than MIBG scintigraphy [59] . A recent study demonstrated that, while VMAT 1 expression is necessary for MIBG uptake, both VMAT 1 and VMAT 2 seem to be involved in DOPA uptake. Therefore, the presence and function of VMAT 1 and 2 for monoamine transfer into the secretory granules appears to be relevant for the outcome of these techniques [55] . The predominant VMAT 2 expression in parasympathetic paraganglia [55, 60] 18 F-DOPA PET/CT in detecting PGLs: 91 % (patient-based) and 79 % (lesion-based) [63] . 18 F-DOPA PET/CT has also been recommended in the screening of phenotypically healthy patients carrying SDHx germline mutations, which predispose to the development of NENs [64] . The presence of SDHD mutations seems to be associated with a very high 18 
Neuroamine uptake imaging in GEP NENs
It has been established that SRS is more accurate than MIBG scintigraphy in detecting GEP NENs and their 18 F-DOPA PET [67, 68] , which is currently recommended only in the case of insulinomas, for preoperative localization in patients with congenital hyperinsulinism. In fact, the ability to take up DOPA and to convert it into dopamine is increased in the hyperfunctional affected pancreatic area in comparison to the normally functioning pancreas, which exhibits low levels of aromatic amino acid decarboxylation. The high sensitivity and exquisite localizing property of 18 F-DOPA PET could open up the possibility of performing miniinvasive surgery (in some cases during laparoscopy) and limited resections, thus reducing the risk of long-term diabetes [69] . Conversely, in adult subjects pancreatic uptake of 18 F-DOPA is not statistically different between normal subjects and hyperinsulinemic patients, and the main limitation for identifying insulinomas or b-cell hyperplasia is the relatively high uptake of 18 F-DOPA in the whole pancreas.
Glucose metabolism imaging
Changes in tumor biology can be characterized by modifications in the expression of receptors or transporters on the cell membrane. Well-differentiated NENs do not overexpress glucose transporters (GLUT), whereas they overexpress SSTRs; poorly differentiated tumors, on the other hand, may show a decline in SSTR density but an increase in GLUT expression.
Thus, evidence has emerged that GEP NENs with a positive [ 18 F]FDG PET have greater aggressiveness irrespective of the classical markers of aggressive pattern, such as grading and Ki67 proliferation index [70] . [ 18 F]FDG PET appears to be a predictor of early tumor progression.
[ 18 F]FDG PET and SRS results correlate with progressionfree survival and overall survival suggesting that these investigations could be usefully included in the initial workup for metastatic NEN [70] . Therefore, [ 18 F]FDG PET could help in stratifying patients according to their risk and in proper therapy planning [71, 72] . (Fig. 4) , sometimes with hilar or mediastinal lymph node metastasis [74] . LCNECs are usually characterized by high [ 18 F]FDG uptake and both PET/CT and stand-alone CT, show high accuracy in disclosing hilar and mediastinal node involvement. However, PET/CT seems to perform better than CT in detecting distant metastases, thus leading to changes in clinical management of patients. It has been reported that an SUV max greater than 13.7 is associated with short survival, thus suggesting that it may be useful to use [ 18 F]FDG PET/CT not only for staging, but also for prognostic purposes in LCNEC patients [75] . In patients with SCLC, [ 18 F]FDG PET has been reported to be valuable both for initial staging (limited versus extensive spread) and for treatment planning. According to Pandit et al. [76] 68 Ga-DOTA-TATE could help to identify, at initial staging (as well as during follow-up and 
Targeted radionuclide therapy of NENs
Therapy of NENs is typically multidisciplinary and should be individualized according to the tumor histotype and extension, as well as symptoms. Different new treatments are being suggested and applied by various centers. Nowadays, the therapeutic tools in NENs include surgery, interventional radiology, medical treatments, chemotherapy, new targeted drugs and targeted radionuclide therapy.
Surgery is fundamental in many phases, from the eradication of the primary lesion to the debulking of metastatic lesions, prior to other therapies, to control debilitating symptoms due to hormone overproduction or with a purely palliative intent. The main limitation of surgery is the frequent presence of synchronous metastatic disease.
Interventional radiology techniques are often used in GEP NENs because these tumors commonly spread to the liver. Besides radiofrequency ablation, high-intensity focused ultrasound (HIFU) ablation [77, 78] and radioembolization of liver metastases with yttrium-90 ( 90 Y)-labeled microspheres have been tested in several clinical trials [79, 80] .
Medical therapy is aimed at treating symptoms and/or reducing tumor growth. There is little scope for traditional chemotherapy in well-differentiated NENs, since most of these are slow-growing tumors. Multiple single and multiagent chemotherapy regimens have been utilized, with none showing an objective tumor response greater than 15 % [81] . Cyclophosphamide, vincristine and dacarbazine (CVD) chemotherapy is the first-line regimen most often chosen for the treatment of metastatic and rapidly progressive PHEOs/PGLs, although response rates are suboptimal [82] .
Somatostatin analog biotherapy is one of the basic tools for approaching NENs. Somatostatin analogs are generally well tolerated, and long-acting formulations are used successfully to control tumor hypersecretion and symptoms in up to 70 % of patients, early tachyphylaxis is a frequent occurrence [83] . Objective partial responses are encountered in less than 10 % of patients [84] . Nowadays, new molecular targeted drugs (anti-angiogenetic drugs and mTOR inhibitors) are also being explored.
One potential advantage of targeted radionuclide therapy is that it can be administered systemically while minimizing toxicity to non-target healthy tissues. Treatment success depends upon the specificity of the targeting carrier molecule and the choice of an appropriate radioisotope label.
PRRT uses radiolabeled peptides for treating unresectable or metastasized NENs. The rationale for this therapy is to convey radioactivity inside the tumor cells, where sensitive targets, such as DNA, can be hit as a result of internalization of the somatostatin receptor and radiolabeled analog complex.
The tumor candidates for PRRT with radiolabeled somatostatin analogs are, basically, sstr2-expressing NENs, and SRS is currently the most accurate and widely validated method for investigating the presence of SSTR overexpression. Nevertheless, it is likely that 68 Ga-DOTA-TOC and 68 Ga-DOTA-TATE will become the new standard analogs, since they mimic very closely the in vivo behavior of their 90 Y-or Lutetium-177 ( 177 Lu)-labeled counterparts used in PRRT [24] .
Several peptides labeled with therapeutic radiometals, such as 90 Y or 177 Lu, have been explored for therapeutic purposes. 90 Y-DOTA-TOC and 177 Lu-DOTA-TATE are the most widely employed radiopeptides and can be used in the European Union for therapeutic trials. The choice between these two particular molecules depends on physical and pharmacokinetic considerations. 90 Y emits higher energy-range b particles than 177 Lu does. The higher energy range of 90 Y b particles makes them able to penetrate the tumor more deeply, which is an important physical feature in the case of bulky and/or heterogeneous masses. Moreover, the shorter half-life of 90 Y makes it possible to deliver a higher dose rate to the tumor. Instead, the lower energy and range of penetration of the b particles emitted by 177 Lu make this molecule more suitable for treating smaller tumors [85] . The pharmacokinetic profiles of both DOTA-TOC and DOTA-TATE are characterized by rapid plasma clearance after administration, with considerable renal excretion. Since the residence times of DOTA-TATE in tumor and kidney are longer than those of DOTA-TOC, 177 Lu appears more beneficial for labeling DOTA-TATE, while, in view of the higher renal dose, 90 Y appears to be the better radionuclide for labeling DOTA-TOC [86] [87] [88] . PRRT, with either 90 Y-DOTATOC or 177 Lu-DOTATATE, is generally well tolerated, without serious acute side effects. However, the kidneys are the critical organs, particularly after 90 Y-DOTA-TOC administration. A median 7.3 % decline in creatinine clearance per year was reported after 90 Y-DOTA-TOC therapy, versus 3.8 % per year after 177 Lu-DOTA-TATE [89] . The administration of L-lysine and/or L-arginine in order to competitively inhibit the proximal tubular re-absorption of the radiopeptide can reduce the renal dose [85, 90] .
The radiopeptide that has been most extensively studied for PRRT is 90 Y-DOTA-TOC with a recommended activity per cycle of about 5 GBq (cumulative activities: 13-18.5 GBq) [91] . Despite differences in clinical phase I-II protocols in place at various centers, complete and partial remissions have been recorded in 10-30 % of patients with GEP NENs [92] [93] [94] [95] [96] . Toxicity was generally mild and involved the kidneys and bone marrow. True phase II studies with 90 Y-DOTA-TOC are still lacking, but experiences in selected series of patients, mostly retrospective, are reported in the literature [97] . A tentative categorization of objective response according to tumor type has been attempted in a meta-analysis of results in GEP tumors. Pancreatic NENs were found to be the tumors responding best to PRRT [98] . Promising clinical results of PRRT with the newer radiopeptide 177 Lu-DOTATATE have also been published [99, 100] . More recently, the combination radionuclide therapy using 177 Lu-and 90 Y-labeled radiopeptides was proposed to improve efficacy in patients with tumors of various sizes and non-homogeneous receptor distribution [101] [102] [103] .
Targeted [104] [105] [106] [107] .
Patient preparation includes discontinuation of drugs interfering with MIBG uptake, such as labetalol, tricyclic antidepressants, reserpine, and some sympathomimetics [108] . Thyroid blocking using potassium iodide (KI) or lugol solution, also in combination with potassium perchlorate, is necessary, generally starting 1 or 2 days prior to treatment and continuing for 14 days after treatment [108] .
Slow administration of [ 131 I]MIBG-the suggested administration duration ranges from 45 min to 4 h [108] is mandatory to minimize the possible pharmacological, mass-related effects of MIBG. For the same reason, the specific activity of [ 131 I]MIBG used for therapeutic purposes should be higher than that used for diagnostic purposes (up to 1.48 GBq/mg) [108] to reduce the incidence of pharmacological effects of the carrier MIBG, such as nausea, vomiting and hypertension [109] .
Although [ 131 I]MIBG therapy has its best defined role in patients with PHEOs/PGLs, published data are limited and there exist few prospective trials. In these patients symptomatic and biochemical improvements are frequently observed after treatment, while complete response rates are low. In a meta-analysis of 116 patients treated with [ 131 I]MIBG (mean single activity of 158 mCi, mean cumulative activity 490 mCi), 4 % had a complete response, 26 % a partial response, 57 % stable disease, and 13 % disease progression. Biochemical catecholamine response was demonstrated in 55 % of the patients [110] .
There is currently no consensus on the optimal dosing strategy in radionuclide therapy of NENs. In patients treated with median activities of 268 versus 149 mCi, higher activities seemed to deliver the desired dose faster with a modest increase in toxicity, but with similar overall response rates [111] .
Since somatostatin analogs exhibit better targeting properties, the role of [
131 I]MIBG therapy in patients with GEP NENs is limited to SRS-negative patients, to those with borderline renal function, and to patients resistant to somatostatin therapy, as a palliative option.
In neuroblastoma, most studies have used [ 131 I]MIBG with therapeutic intent, and good responses have been obtained in selected patients with advanced disease in whom first-line therapy failed. The response rates in these studies using single doses or large cumulative doses of [ 131 I]MIBG ranged from 25 to 46 % [112] [113] [114] [115] . The actual benefit of multiple treatments is still debated.
Conclusions
Because of their heterogeneity in terms of receptor expression and/or metabolic processes, NENs can be imaged and treated with multitracer approaches that target various biological properties of the cells from which the tumor originates. Radiopeptides with high affinity for different SSTRs as well as radiopharmaceuticals involved in various steps of the neuroamine uptake process or in glucose metabolism are becoming increasingly widely available. For GEP NENs, SRS remains the investigation of choice, although several studies have shown PET with 68 Ga-DOTA-peptides to have the better diagnostic accuracy. The fact that these radiopharmaceuticals have not yet been authorized/approved for clinical use is one of the factors preventing their diffusion on a wide scale. MIBG scintigraphy and 18 F-DOPA PET are generally a second option in the evaluation of GEP NENs. 18 F-DOPA, in particular, is employed for imaging patients with hyperinsulinism. SRS is also the first-line investigation in lung NENs. Instead, in poorly differentiated, more aggressive NENs, [ 18 F]FDG PET plays a predominant role, while in PHEOs/PGLs, MIBG scintigraphy is generally the examination of choice. However, the superior resolution of PET has led to an increasingly frequent use of 18 F-DOPA, which is commercially available in the European Union. Moreover, 18 F-DOPA is much more sensitive in the diagnosis of head and neck PGLs, representing, together with PET with DOTA-peptides, the best diagnostic approach in this field. The identification of new radiotracers with higher specificity will constitute the basis for new diagnostic imaging approaches in NENs.
Targeted radionuclide therapy with either [ 131 I]MIBG or PRRT constitutes an important therapeutic option in patients with unresectable or metastasized NENs, although more prospective-controlled studies are desirable to better define its efficacy. The use of targeted radionuclide therapy in combination with chemotherapy agents will emerge as one of the main challenges in the near future. 
